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INTRODUCTION 

The evolu t ion  and t h e  development of t h e  BCR TRI-GAS f luidized-bed 
g a s i f i c a t i o n  process  t o  produce low- t o  medium-Btu f u e l  g a s  has  been descr ibed  i n  
two e a r l i e r  papers .  s 2  TRI-GAS is a m u l t i p l e  f luidized-bed c o a l  g a s i f i c a t i o n  
process .  
with t h e  only product being a c l e a n ,  low-Btu f u e l  gas .  No l i q u i d s ,  tar ,  or char  
a r e  produced a s  a waste or by-product. The process  c o n s i s t s  of  t h r e e  f l u i d i z e d -  
bed r e a c t o r s  connected in s e r i e s .  
Stage 2 i s  t h e  main g a s i f i c a t i o n  s tage .  I n  t h i s  s t a g e ,  d e v o l a t i l i z e d  c o a l  (char)  
and t h e  v o l a t i l e  products  from Stage 1 a r e  g a s i f i e d  wi th  air  and steam, producing 
a low-Btu (about 150 Btulcu f t )  f u e l  gas .  

The o v e r a l l  o b j e c t i v e  of TRI-GAS is t h e  g a s i f i c a t i o n  of a range of  c o a l s ,  

Each r e a c t o r  has  i t s  own s p e c i f i c  func t ion .  

The o b j e c t i v e  of  t h e  c u r r e n t  s tudy  is t o  e s t a b l i s h  a model f o r  t h e  o v e r a l l  
g a s i f i c a t i o n  r e a c t i o n  i n  a f l u i d i z e d  bed and t o  use  t h i s  model t o  p r e d i c t  conver- 
s ion  i n  t h e  TRI-GAS S tage  2 r e a c t o r  dur ing  PEDU tests. The model assumes t h a t  t h e  
o v e r a l l  r e a c t i o n  r a t e  is determined by t h e  s e p a r a t e  r a t e s  of two processes  i n  se- 
r i e s ;  f i r s t ,  mass t r a n s f e r ,  where steam must be  t ranspor ted  o u t  of t h e  bubble t o  
the  p a r t i c u l a t e  phase, and second, t h e  chemical r e a c t i o n .  The chemical r e a c t i o n  
process  has  been i s o l a t e d  from mass- t ransfer  e f f e c t s  and s tudied  independent ly  i n  
t h e  thermogravimetric a n a l y s i s  (TGA) u n i t  where a chemical  r e a c t i o n  r a t e  i s  es tab-  
l i s h e d ,  descr ib ing  t h e  r e s i s t a n c e  of t h e  chemical process .  S i m i l a r l y ,  t h e  tests 
i n  t h e  bench-scale f lu id ized-bed  r e a c t o r  e s t a b l i s h  a parameter  c h a r a c t e r i z i n g  t h e  
mass t r a n s f e r  process  from t h e  bubble t o  t h e  p a r t i c u l a t e  phase.  

-.. APPARATUS AND PROCEDURE 

Char Prepara t ion  

Char (+lo0 mesh) from t h e  Rosebud seam c o a l  p r e t r e a t e d  dur ing  a t y p i c a l  PEDU 
t e s t  w a s  used for r e a c t i v i t y  s t u d i e s  i n  t h e  TGA a p p a r a t u s  and the  bench-scale 
f luidized-bed batch r e a c t o r .  
seam c o a l  i n  a f l u i d i z e d  bed a t  900 F t o  remove v o l a t i l e  matter and tars from t h e  
c o a l  p r i o r  t o  feeding to  t h e  g a s i f i c a t i o n  r e a c t o r .  

This  c h a r  was produced by p r e t r e a t i n g  t h e  Rosebud 
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TG.4 Reactivity 

An American Instrument Company basic thermogravimetric analysis unit was used 
for the reactivity measurements. About 100 mg of char contained in a ceramic pan 
was heated in nitrogen to the chosen reaction temperature. Since some devolatili- 
zation occurred during this process, heating continued until the char weight became 
constant. The nitrogen was then bubbled through water held at a specified tempera- 
ture and this reactant passed over the char. Char weight l o s s  was recorded con- 
tinuously as a function of time. 

The measure of reactivity chosen in this study was the same as Jenkins' "re- 
activity parameter". The definition is (symbols defined in Appendix A) : 

R 
5 Wo dt 

dW The maximum rate of weight loss (-) was determined experimentally from the 
slope of the weight loss data recordedd;n an X-Y plotter. The maximum rate could 
be defined without difficulty since, in all cases, the initial rate was constant. 

The reactivity parameter was assumed to depend on reacting gas concentration, 
Cp, in the following manner: 

R5 = k C: 

where 
E k = u e x p - =  
RT 

Taking the natural logarithm of both sides 

In R5 = In k + n In 
of Equation (1) results in 

cP ( 2 )  

A multiple linear regression analysis was performed using reaction rate (R5) data 
taken at constant temperature for various values of Cp, resulting in values of n. 
The values of n, taken for several temperatures, were then averaged. 

With n thus defined, Equation (1) can be used to determine the apparent acti- 
vation energy and frequency factor for each reaction. Solving for k in Equation 
(1) results in 

R 
k = A  ( 3 )  

GI: 

The right-hand side of this expression can be calculated from the data, the pre- 
viously determined values of n, and the experimental conditions. Again, taking the 
logarithm of both sides results in 
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A multiple regression analysis was performed using data at several tempera- 
tures resulting in the ”apparent” activation energy E and the frequency factor a 
for each reaction. These results are reported in Table 1. 

1 
I 
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TABLE 1. TGA REACTIVITIES AND KINETIC PARAMETERS OF CHAR 
USED IN LABORATORY STUDIES 

Volatile Steam 
Sample Temp, Matter , Concentrat ion, Reactivity, 

Test No. O K  mg moleslcu cm (hr)-’ 

1 1193 12.8 0.89 x 2.21 
2 1193 13 .3  1.35 x 3.11  
3 1193 13.5 2.01 x 3.76 
4 1136 11.5 0.93 x 1.67 

6 1136 11 .5  2.11 x 10  2.67 
5 1136 12.0 1.42 x 101; 2.12 

-E/~T R = C; a exp 5 
n = 0.61 

a = 1.94 10’ 

E = 17,662 cals 

Fluidized-bed Reactor 

A schematic of the bench-scale fluidized-bed pressurized batch reactor system 
is shown in Figure 1. This system can be used for reactivity analysis with steam, 
carbon dioxide, and air. 
Incoloy 800 pipe. 
furnace half-sections. The steam is generated by bubbling the inert gas through 
a 10.16 cm diameter by 5 1  cm long 316SS water-filled vessel heated by 2KW immer- 
sion heater. 
150 psi pressure. The reactor is followed by a water-cooled vessel where con- 
densibles can be collected. The precise metering of the reacting gases is ac- 
complished through Brooks Instrument Model 1110 rotameters. 
and DP cell transmitters are used for pressure control in the system and differ- 
ential pressure measurements in the bed. For efficient distribution of the react- 
ing gases in the reactor, the grid system consists of a 5-cm fixed bed of Steatite 
packing, packed between two screens. The system is also equipped with necessary 
auxiliary equipment for indicating actual pressures and temperatures in the re- 
actor and the boiler. The system can be used to generate the reactivity data at 
2200 F temperature and 150 psi pressure. 

The reactor is made of 5.08 cm diameter by 9 1  cm long 
The reactor furnace consists of two 1450 watt, 61 cm long, 

This steam generator is capable of producing saturated steam at 

Foxboro pressure 
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A 200-gm sample of t h e  char  was  heated t o  t h e  chosen r e a c t i o n  temperature  and 
pressure  wi th  n i t r o g e n  f lowing through t h e  bed. 
generated by bubbl ing t h e  n i t r o g e n  through hot  water  a t  a s p e c i f i e d  temperature 
and passed through t h e  r e a c t o r .  Af te r  a s p e c i f i e d  per iod  of time, t h e  r e a c t i o n  
w a s  quenched when t h e  bed w a s  purged with n i t rogen .  
weighing t h e  sample a f t e r  cool ing .  

Then t h e  water-vapor r e a c t a n t  was 

Conversion w a s  determined by 

In  a f lu id ized-bed  r e a c t o r ,  t h e  experimental  v a l u e  of  t h e  p e r c e n t  unreacted 
c h a r  i s  given by: 

w Y = - x 100 
exp Wo 

THEORETICAL. MODEL 

The model assumes t h a t  t h e  o v e r a l l  r e a c t i o n  r a t e  i s  determined by t h e  separa te  
rates of two p r o c e s s e s  i n  s e r i e s ;  f i r s t ,  mass t r a n s f e r ,  where steam must be t rans-  
por ted  out  of  t h e  bubble  t o  t h e  p a r t i c u l a t e  phase, and second, t h e  chemical reac-  
t i o n .  The chemical r e a c t i o n  process  has  been i s o l a t e d  from mass- t ransfer  e f f e c t s  
and s tudied independent ly  i n  t h e  thermogravimetr ic  a n a l y s i s  (TGA) u n i t  where a 
chemical r e a c t i o n  rate c o n s t a n t  d e s c r i b i n g  the  r e s i s t a n c e  of  t h e  chemical process  
w a s  e s t a b l i s h e d .  

The fo l lowing  development is e s s e n t i a l l y  t h a t  p resented  by O r ~ u t t . ~  Only t h e  
d e t a i l e d  form of t h e  r e a c t a n t  conversion term (R ) d i f f e r s .  The form used i n  t h i s  
s tudy  was developed e m p i r i c a l l y  from d i f f e r e n t i a ?  r e a c t o r  (TGA) d a t a .  
bed is assumed t o  be  d iv ided  i n t o  two d i s t i n c t  phases  c a l l e d  t h e  bubble and p a r t i c -  
u l a t e  phase. The r e a c t a n t  flow above t h a t  requi red  t o  j u s t  f l u i d i z e  t h e  bed forms 
t h e  bubble phase. N o  s o l i d s  exist i n  t h i s  phase so no  chemical r e a c t i o n s  can oc- 
cur. It i s  assumed t h a t  t h e  bubble s i z e  i s  uniform. The p a r t i c u l a t e  phase con- 
s i s t s  of t h e  remainder of t h e  f low and t h e  s o l i d  char .  The char-steam chemicalre-  
a c t i o n  occurs  i n  t h e  p a r t i c u l a t e  phase. Furthermore, t h e  t u r b u l e n t  a c t i o n  i n  t h e  
bed al lows t h e  assumption t h a t  t h e  steam concent ra t ion  and temperature  a r e  cons tan t  
throughout t h e  p a r t i c u l a t e  phase. 

The f l u i d  

A m a t e r i a l  ba lance  on a s i n g l e  r i s i n g  bubble g ives :  

Since C i s  assumed t o  be a cons tan t ,  Equation (1) can  be i n t e g r a t e d  d i r e c t l y  t o  
obtain: '  

cB Y 

dy 
P - 'I3 'B" 

0 cO 
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i where 

C = Cp + (Co - Cp) exp -X(y) 
B 

QY X(Y) = - 

The p a r t i c u l a t e  phase m a t e r i a l  balance is: 

The amount of r e a c t a n t  t r a n s f e r r e d  from t h e  bubble ,  R1, i s  determined by i n t e -  
g r a t i n g  t h e  f low from t h e  i n d i v i d u a l  bubbles t o  t h e  p a r t i c u l a t e  phase over  t h e  en- 
t i r e  r e a c t o r :  

I 

1 

I 

Using Equation (2)  f o r  C r e s u l t s  i n :  
B 

The amount of r e a c t a n t  f e d  d i r e c t l y  t o  t h e  p a r t i c u l a t e  phase is: 

'mf '0 Rz = AT 

and leaving  t h e  p a r t i c u l a t e  phase is: 

R4 = AT Umf cp (6) 

The amount of r e a c t a n t  t r a n s p o r t e d  from t h e  p a r t i c u l a t e  t o  t h e  bubble phase is 
given by: 

R3 = 4 NQ L Cp (7) 

F i n a l l y ,  t h e  r e a c t a n t  consumed by t h e  g a s i f i c a t i o n  r e a c t i o n  i n  t h e  p a r t i c u l a t e  
phase i s  given by: 

1 dNR 
R5 = Lmf (v TMF -1 (8) 
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The TGA d a t a  a r e  used t o  eva lua te  t h e  right-hand s i d e  of Equation (8). The TGA 
r eac t ion  rate i s  g iven  by: 

(9) 
nW -k C - - 1 r;l= 

wo 
wo d t  

But, 

Thus, 

C 
dW = Mc dN 

dNC = _ _  '0 k C: Y 
d t  MC 

For the r eac t ion :  

so t h a t ,  

1 dNR wO - = _ -  - 
MC "TMF 

V m  d t  
k 

S u b s t i t u t i n g  t h i s  expres s ion  i n t o  Equation (8) g ives :  

AT Lnf (5) k C; Y 5 * 7  
TMF MC 

Y 

(11) 

Subs t i t u t ing  Equat ions  ( 4 ) ,  (5), (6), (7), and (11) i n t o  Equation (3) gives:  
W 

(VNU~) (c, - cP ) (1 - exp-X(L)) + Umf (c - c ) = L 2 k C; Y 
0 P AT MC 

From Reference 6 

and de f in ing  : 
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and 

the nondimensional form for the particulate phase balance becomes, 

(1 - 5,) [ B  (1 - exp - x ( L ) )  + (1 - B)I = a Y 5: . (12) 

In nondimensimal form, Equation ( 9 ) ,  describing the char conversion, becomes: 

( 1 3 )  

where 

To conp e 

dY 
dT '; - 5 -  

t T = -  
tR 

y = k C E  t R 

his model with data from the atch aboratory tests, Equa ion 
(13) is integrated numerically to determine char weight for various run times. 
For each integration step, Equation (12) is solved for E 

P' 
RESULTS AND DISCUSSION 

The results of the char conversion experiments at atmospheric pressure are 
shown in Figure 2 .  Also shown on this figure are the theoretical conversions pre- 
dicted using transfer parameters (X) calculated from the Kunii and Levenspiel 
(K&L) Reactivities determined from 
TGA tests (Table 1) were used in the theoretical conversion calculation. In both 
models, average bubble size was calculated from Mori and Wen' and the self- 
diffusion coefficient calculated as in Reference 8. Both theories overpredict 
the char conversion. Actual conversion corresponds to a mass-transfer parameter 
X = 0.75  as opposed to X = 1 . 7 9  predicted by K6L and X = 4 . 7 3  predicted by D&H, 
Table 2. 

and the Davidson and Harrison ( D ~ x H ) ~  models. 
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TABLE 2. MASS TRANSFER PAMMETER, X ,  FOR CHAR 
USED I N  LABORATORY TESTS 

Reactor Gas D i f f u s i v i t y  
Pressure ,  Kunii  & Davidson & Dg (ad jus ted)  

ps ia  'o/'mf Levenspie l  Harr i son  Experimental cm2 / s e c  

14.1 9.34 1 . 7 9  4.73 0 . 7 5  0 .52  
70 .0  3.78 1 . 9 9  5.78  0 . 0 8  0 .0008 

Examination of t h e  express ions  used t o  c a l c u l a t e  X from both models r e v e a l s  

These a r e  t h e  bubble diameter  (Dg) and t h e  gas s e l f - d i f f u s i o n  coef- 
two parameters t h a t  can  be a d j u s t e d  t o  a l low agreement between t h e  experiment and 
t h e  theory. 
f i c i e n t  (D ). 
a l low X = %.75.  
i t  i s  necessary t o  a d j u s t  D . Adjust ing Dg from a t h e o r e t i c a l  v a l u e  of D 
cm2/sec down t o  D 
i n  X = 0.75 and agreement wi th  t h e  experimental  d a t a .  
7 0  p s i a  a r e  shown i n  F i g u r e  3.  

The bubble  d iameter  would have t o  be a d j u s t e d  to  about  10 cm t o  
S ince  t h i s  i s  considerably l a r g e r  than the  r e a c t o r  (DT = 5.08 cm), 

= 0.52  cg2/sec  and using t h e  Kunii  and Levenspiel  modef r e s u l t s  g 

a d j u s t e d  t o  

= 3 . 3 3  

The conversion r e s u l t s  at 
The exper imenta l ly  determined X and D 

ach ieve  t h i s  X a t  7 0  p s i a  are shown i n  Table 2 .  g 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t o  achieve  t h e s e  low t r a n s f e r  parameters .  mod- 
e l s  must be employed w i t h  more than one t r a n s f e r  r e s i s t a n c e  i n  s e r i e s .  O n e  of t h e  
r e s i s t a n c e s  m u s t  depend on gaseous d i f f u s i o n .  Figure 4 shows t h e  comparison of 
mass- t ransfer  parameters  c a l c u l a t e d  us ing  a s imple r e s i s t a n c e  theory  (D&H) and a 
t h r e e - r e s i s t a n c e  theory  (K6L). I n  t h e  D&H model, i t  i s  assumed t h a t  two t r a n s f e r  
mechanisms a r e  o c c u r r i n g  i n  p a r a l l e l .  There i s  a macroscopic movement Of gas  from 
the  bubble a long wi th  a microscopic  d i f f u s i v e  t r a n s f e r .  As D goes t o  z e r o ,  the  
D&H model p r e d i c t s  t h a t  X approaches a f i n i t e  va lue  (X 3 0.5)' dependent on ly  on 
t h e  macroscopic t r a n s f e r  between t h e  bubble and p a r t i c u l a t e  phase. C a l c u l a t i o n a s  
D goes  t o  zero  a t  t h e  e l e v a t e d  p r e s s u r e s  r e s u l t s  i n  about t h e  same v a l u e  f o r  X .  
&nce t h i s  is s u b s t a n t i a l l y  g r e a t e r  than the experimental  X ,  a theory  incorpora t ing  
a t o t a l l y  d i f f u s i v e  r e s i s t a n c e  i n  series must be used.  

The K&L theory assumes t h e  same t r a n s f e r  mechanisms a s  D&H out of t h e  bubble, 
bu t  p laces  a t h i r d  r e s i s t a n c e ,  namely the c loud ,  between t h e  bubble and t h e  par t ic -  
u l a t e .  The t r a n s f e r  through t h e  cloud is only due t o  gaseous d i f f u s i o n .  Thus , for  
t h e  K6L case ,  t h e  d i f f u s i v e  t r a n s f e r  between t h e  cloud and t h e  p a r t i c u l a t e  phase 
can choke o f f  t h e  f low and t h e  o v e r a l l  c o e f f i c i e n t  between bubble and p a r t i c u l a t e  
can be ad jus ted  as low as needed t o  agree  wi th  experiment .  

SUM3IARY OF RESULTS 

1. A two-phase f lu id ized-bed  model can be used t o  p r e d i c t  the conversion observed 
i n  t h e  char-steam g a s i f i c a t i o n  r e a c t i o n  i n  a 5.08-cm f luidized-bed r e a c t o r .  
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2. The b e s t  f i t  of t h e  experimental  d a t a  w a s  ob ta ined  us ing  t h e  K&L model t o  

c a l c u l a t e  t h e  mass exchange between t h e  bubble and p a r t i c u l a t e  phases .  I 
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APPENDIX A 

NOMENCLATURE 

AT = Reactor c ross -sec t iona l  a r e a ,  sq c m  

Co, C p ,  CB = Steam concent ra t ion  i n  r e a c t o r  i n l e t ,  p a r t i c u l a t e  phase 
and bubble phase, moles/cu cm 

D = G a s  D i f f u s i v i t y ,  sq cm/sec 

DT = Reactor diameter ,  cm 
g 

k = React ion r a t e  constant  

L, Lmf = Fluid  bed he ight ,  he ight  a t  minimum f l u i d i z a t i o n ,  c m  

MC = Char molecular  weight ,  gmlgm mole 

n = Exponent f o r  c h a r  r e a c t i v i t y  

N = Number of bubbles  per  u n i t  volume, l / c u  cm 

Number of r e a c t i n g  moles of char  and steam N C ,  N R  = 

Q = E f f e c t i v e  volumetr ic  flow r a t e  from t h e  bubble phase t o  
t h e  p a r t i c u l a t e  phase,  c u  cmlsec 

R l ,  R p ,  R3, R,, Rg = Reactant  t ranspor ted  from t h e  bubble t o  p a r t i c u l a t e  phase, 
fed  t o  p a r t i c u l a t e  phase, t r a n s p o r t e d  from t h e  p a r t i c u l a t e  
t o  bubble phase, l e f t  t h e  p a r t i c u l a t e  phase and disappeared 
due t o  chemical r e a c t i o n  i n  p a r t i c u l a t e  phase,  moleslsec 

S = Surface  a r e a  of t h e  r i s i n g  bubble ,  s q  c m  

t ,  tR = T i m e ,  s o l i d s  res idence  t ime,  sec  

Uo, UB, Umf = S u p e r f i c i a l  v e l o c i t y ,  bubble v e l o c i t y ,  minimum f l u i d i z a t i o n  
v e l o c i t y ,  cmlsec 

Bubble volume, p a r t i c u l a t e  phase gas volume, t o t a l  f l u i d  
bed volume a t  minimum f l u i d i z a t i o n  c o n d i t i o n s ,  c u  cm 

Ins tan taneous  char  weight ,  weight a t  t h e  i n s t a n t  t h e  r e a c t i n g  
gas  i s  introduced (on ash- f ree  b a s i s ) ,  mg 

X = Mass t r a n s f e r  parameter 

y = Axia l  d i s t a n c e  from t h e  r e a c t o r  i n l e t ,  c m  

V, Vp, VmMF = 

W, Wo = 

Y = w/wo 

ct = Frequency f a c t o r  
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